We have measured the critical current density (J,J of two NbN films (500 A and 1550 A thick) as a function of temperature in magnetic fields up to 25 Tesla using transport measurements. In both films, the functional form of the volume pinning force Fp obeys the Fietz -Webb scaling law throughout the entire magnetic field and temperature range such that
INTRODUCTION
superconductor. Such a description would aid both the development of models that would explain the origin of the In many low temperature superconductors which have mechanism that determines Jc in these matenals and the been optimised for high J, in high magnetic fields, a single optimisation of J, for high field applications.
microstructural or compositional feature such as the grain
In this work we present IC data for two niobium boundary density or the second phase material present has been nitride films. This material shows the isotropy and relatively identifed as the dominant factor that determines Jc (1) (2) (3) .
long coherence length typical of low temperature Although a detailed understanding of the pinning mechanism superconductors while also having both strongly granular in these materials is still not complete, general pinning models physical properties and large inter-and inuagranular J, have been developed using the simple correlations between the typical of the oxides (8,9). Hence it serves as a useful electromagnetic properties and the physical properties. These model system, intermediate between the low temperature models have facilitated optimising Jc for high field applicasuperconductors and the ceramic oxide superconductors, tions.
which may aid in our development of pinning models for the In polycrystalline ceramic oxide superconductors, no oxides. In addition, there is the well established technologiequivalent description is available. It is clear that the electrocal interest in this material for its potential use in fusion magnetic propedes, and particularly the high field transport applications because of the insensitivity of Jc in NbN to properties are sensitive to changes in fabrication that are not strain (IO) and radiation damage (11, 12 
SAMPLE PREPARATION
The NbN thin films were produced using standard D.C. reactive magnetron sputtering techniques (13). Nb was reactively sputtered in a ArgonNitrogen atmosphere at a rate of -2nm.s-' onto a sapphire substrate maintzined at = 3OOC.
Two films were produced, one 500 A thick the other 1550 A.
The films were patterned using standard photolithographic techniques to produce tracks of length 6. 5" and width lmm. The films were prepared for elecmcal measurements by ultrasonically soldering indium pads to the samples.
A derailed investigation of similar frlms using T.E.M. has been completed (14). The analysis suggests that the f i h s consist of predominantly columnar FCC grains of about 10-20nm. The grains themselves are highly defective of nitrogen.
The grain boundaries, unlike metals, are about 1.5nm thickprobably of insulating material (15).
APPARATUS
Standard four-terminal voltage-current (V-I) data were generated as a function of magnetic field and temperature. The data at 4.2K, 3K and 2K were obtained by directly immersing the sample in liquid helium. Above 4.2K. a variable temperature insert was used. In zero field the temperature was futed using a calibrated carbon glass thermometer. A magnetic-field-independent strontium titanate thermometer was used in closed loop with a heater to keep the temperature constant when the magnetic field was applied and the V-I characteristic measured. The hybrid magnet at the Francis Bitter National High Field Laboratory was used to provide the magnetic fields up to 25T.
EXPERIMENTAL RESULTS
In figs 1 and 2, the critical current density meaSured as a function of magnetic field and temperature at an electric field criterion of one microvolt per cm is presented for the NVO NbN films. The elecmc field criterion was chosen to be as are presented for three configurations of J and B. These data are a11 taken at 4.2K on the 500 A thin film. It can tx seen that the field at which the current drops to zero (ie B,(T)) does not depend on the orientation of the applied field.
When J is orthogonal to B, Jc is a function of field alone independently of whether the field is orthogonal or parallel to the surface of the film. Finally when there is no net Lorentz force operating (ie J // B), Jc is higher than when a macroscopic Lorentz force operates by typically 50%. A similar enhancement of Jc to that found at 4.2K was also measured at 3K in the 500 A film.
In addition to the uanspon measurements, a series of D.C. magnetisation measurements on the 500 A thin film were completed. A sample of area lmm x lmm was cut from the track in the film and the magnetic moment measured as a function of field and temperature. A critical current density was calculated using Bean's model (17) assuming that the currents induced flowed over the whole dimensions of the sample. In fig 8, a comparison between this magnetically determined critical current density and the transport measurements is presented. It can be Seen that there is qualitative agreement between Jc found in the two types of measurement. We intended to measure how the magnetisation scaled with sample dimensions but were not successful. The NbN was cut using a diamond saw. The magnetic moment dropped precipitously as the sample dimensions dropped below lmm' which we attributed to damaging the sample during the cutting procedure.
ANALYSIS OF RESULTS
When the volume pinning force Fp obeys the FieeWebb scaling law (18), where:
-eqn. 1 a and y are constants, Ba(T) is the upper critical field and f(b) is a function of the reduced magnetic field (b = B/B,(T) ), this provides evidence that the critical current density is limited by a flux pinning mechanism. We shall consider whether either a shearing (pinning) mechanism or a core pinning mechanism can describe our data. higher for the 500 A film than the 1550 A film. Hence, we have found for both films that the volume pinning force throughout the entire field range is of the form:
which can be written in the form:
where a and a ' are constants. Although all our data can be described by eqn. 4, we T (K) have also completed a similar analysis to that outlined above using the data generated on the 1550 A film with the functional form given by equation 3. For this film we have found:
where P and P' are constants and we find M = 2.6 5 0.2.
Equation 5 can also be used to describe the data for the 500
A film close to B n O .
DISCUSSION
Flux pinning in NbN.
The marked granularity in the microsmcture of In thin fdms, an obvious candidate for the source of the pinning is the surface. However the orientation measurements shown in fig 7 demonstrate that when J is orthogonal to B, Jc does not depend on whether the applied field is parallel or orthogonal to the surface of the film. Hence we expect that bulk pinning is primarily responsible for high J, rather than surface pinning.
The differential resistivity data (figs 5 and 6) are consistent with being proportional to the magnetic field at fixed temperature in the low field limit. This is a similar dependence to both the flux flow resistivity (21) and p, found experimentally in other high J, low temperature superconductors and hence also suggests that bulk pinning is operating (16, 22, 23) . This dependence can be contrasted with a granular material where the differential resistivity is independent of magnetic field at futed temperature (24).
From microsmctural analysis of similar films to these, two potential sources of bulk pinning in these films have been identified: grain boundary pinning and intragranular pinning by nitrogen defects (12J4). The rather small increase in J , when the macroscopic current direction is parallel to the applied field (fig 7) suggests that locally the current path is highly percolative. This weak dependence on the orientation of the field with respect to the macroscopic current direction is characteristic of a large variation in the local pinning force throughout the sample. Hence our data is consistent with both an mer-and inuagranular contribution to ihe pinning. Although there is quantitative agreement between the magnetic measurements of I, and the transport measurements (fig 8) , there is a large difference between the grain size ( -(lOonm)*) and the sample size ( -(lmm)? in our measurements. This difference implies that the intragranular current would have to be three orders of magnitude higher than the intergranular current density to increase the observed magnetic moment by only 10%. Hence, even if the intragranular Jc were close to the depaking limit, we would probably not detect it without additional measurements characterising how the magnetisation scales with size of the sample. As such, we
leave as an open question the relative sizes and importance of the inter-and intragranular pinning.
Close to Ba(T), our data can be formally described using f(b) = b.(l-b)'. This facilitates a quantitative comparison between our data and other materials where core pinning operates. However the most complete description of our data throughout the entire magnetic field and temperature range for both films is provided using the Kramer dependence. Within this framework, the value of the exponent m is significantly larger than that found in materials where the grain boundaries are the sole source of pinning (eg (NbTaXSn where m = 2 (25)) and hence provides evidence that the pinning mechanism is different In conclusion, we need a more derailed under- 
